seemingly from fatigue, at the instance or soon after copulation is achieved (Knoflach 2002 ), but remains attached to the female via the palp. After a few minutes, or in some species instantly, the female entangles the male in the threads of her web, and turns around in circles until the palp twists off (emasculation). The female then feeds on the body of the male (except in T. sisyphoides, see Knoflach and Benjamin 2003) , and the palp remains attached to the epigynum, forming a 'mating plug' until the female removes it after a few hours.
In at least Tidarren, sexual size dimorphism is apparently the result of both female size increase and male size decrease (Hormiga et al. 2000) . However, the palpal organs have not reduced much, if at all, in size; they are as large as in most related genera and in Tidarren represent ~10% of the male body mass (Ramos et al. 2004 ). The retention of palpal size may result from a constraint: a large palp is required for mechanical coupling with the reproductive organ of the relatively large female (Vollrath 1998). However, these relatively huge organs have been shown to limit the locomotive potential of males, thus reducing their ability to find, and compete for females (Ramos et al. 2004 ). The novel behaviour of palpal amputation is thus believed to have evolved as a result of conflict between body size and palp size evolution (Ramos et al. 2004 ). While improving locomotive potential, loss of one palp would not reduce reproductive potential, because the male dies immediately after achieving copulation; a second copulatory organ would only result in loss of gametes.
Tidarren and Echinotheridion share this bizarre sexual biology, and it would seem unexpected to have such striking characteristics evolve in parallel: 'could palp-amputation of the subadult male and emasculation behaviour have evolved convergently in both genera? It appears that such peculiar traits are unlikely to have evolved twice…' (Knoflach 2002: 144) . Consequently, the two genera have been presumed to be sister genera (Wunderlich 1992, Knoflach 2002; Ramos et al. 2004 ), a hypothesis (hence the 'homology hypothesis') supported to some degree by similarities in their somatic morphology -both are believed to belong to the subfamily Theridiinae (see Agnarsson 2004 ; Arnedo et al. 2004 ). However, although Tidarren has been included in phylogenetic analyses of Theridiidae, both based on morphological (Agnarsson 2003 (Agnarsson , 2004 (Agnarsson , 2006a ) and molecular (Arnedo et al. 2004 ) data, rarity of specimens has hitherto prevented the inclusion of Echinotheridion in a phylogenetic study.
The purpose of this paper is to estimate the phylogenetic position of Echinotheridion and thus test if palpal amputation and other unusual sexual traits evolved convergently in the two genera, or -as has always been presumed -once in their common ancestor.
Materials and methods
A female identified using Levi's (1963) revision as E. otlum Levi, 1963 was collected in Jatun Sacha National Park (Estación Biológica Jatun Sacha), Napo, Ecuador (1°4′1.20″S 77°37′1.20″W), 21-24.vii.2004, 400 m, forest understory, (I. Agnarsson et al., voucher will be deposited at the National Museum of Natural History, Smithsonian Institution, Washington, DC, USA). Genomic DNA was isolated with the DNAs QIAGEN DNeasy extraction kit (QIAGEN Inc., Ontario, Canada). Fragments of three nuclear (Histone 3, 18S rDNA and 28S rDNA) and two mitochondrial (16S rDNA and COI) genes were amplified (for primers and PCR settings, see Arnedo et al. 2004) , and the PCR products were sequenced using the Macrogen Inc. (Seoul, Korea, model ABI 3730) sequencer. The sequences were submitted to GenBank (www.ncbi.nlm.nih.gov/Genbank/index.html, verified July 2006; GenBank accession numbers: DQ842140-DQ842144).
The sequences were added to the matrix of Arnedo et al. (2004) . As the purpose here was not to test theridiid monophyly, some of the more distant theridiid outgroups were removed to facilitate the alignment.
Only the two taxa believed to be most closely related to theridiids, Synotaxus and Nesticus (see Griswold et al. 1998; Agnarsson 2003 Agnarsson , 2004 , were retained. Matrices were constructed for each gene separately, and these were aligned using ClustalX (Thompson et al. 1997) , with gap cost set at 24 and gap extension at 6. A second set of matrices was made by manually adjusting each alignment containing gap regions (16S, 18S, 28S ). Despite the obvious appeal of purely automated alignments, in particular in terms of repeatability (e.g. Giribet , which uses the Needleman-Wunsch algorithm. This was done in an attempt to bias the results in favour of a sister relationship of the two, to provide a stronger test of the convergence hypothesis. Each of these matrices was analysed using equally weighted parsimony, treating gaps either as missing data, or as a 5th state, and with Bayesian methods.
Parsimony analyses were done in PAUP* (Swofford 2002). In each of the analyses, heuristic searches were done with 1000 random stepwise additions, and the subtree-pruning and regrafting branch swapping algorithm. For nodal support, Bootstrap percentages (Felsenstein 1985) were calculated in NONA, with 1000 Bootstrap replicates.
Bayesian analysis was performed using MrBayes V3.0 (Huelsenbeck and Ronquist 2001) . The best fitting model for each matrix was chosen using Modeltest 3.6 (Posada and Crandall 1998). The preferred model for 16S, 28S, and COI was the general time reversible (GTR) + gamma distribution (Γ) + proportion of invariable sites (I) (Rodríguez et al. 1990; Yang 1994) , for 18S the Tamura-Nei with equal base frequencies (TrNef) + Γ +I model (Tamura and Nei 1993, GTR-type model with equal base frequencies), and for Histone 3 the TrN + Γ +I model (Tamura and Nei 1993, GTR-type model where parameters controlling the rates of the different types of transitions are equal; this model is not available in MrBayes and hence the GTR + Γ +I model was used). For the protein-coding genes, the Bayesian analyses were partitioned by codon. For the combined molecular matrix the analysis was partitioned by loci, using the same model for each partition as in the single-gene analyses, and estimating all parameters independently for each partition ('unlink statefreq = (all) revmat = (all) shape = (all) pinvar = (all)'). The model employed six substitution types ('nst = 6'), with rates and proportion of invariable sites estimated ('rates = invgamma'), and for the GTR analyses, base frequencies estimated from the data. For each analysis, the Markov chain Monte Carlo search was run with four chains for 5 000 000 generations, sampling the Markov chain every 1000 generations, and the sample points of the first 500 000 generations were discarded as 'burn-in', after which the chain reached stationarity.
Parsimony continues to be the favoured method for analysing morphological data, and is here preferred. However, there are reasons to believe that methods that are best able to incorporate models of sequence evolution in the phylogenetic inference are least likely to be mislead by that complex process (e.g. Huelsenbeck and Crandall 1997 Brandley et al. 2005) . Thus, it is important to be able to partition combined analyses so that models can be estimated, for example, independently for each gene. In light of that, the Bayesian approach offers much promise because it allows the incorporation of the best fitting available model and independent model estimations for data partitions, while simultaneously estimating the uncertainty associated with any parameter from the phylogenetic model (topology, branch lengths, and substitution model). The Bayesian results might therefore be preferred, a priori, to those of the parsimony analyses. A comparison with the parsimony results is, however, important not only to understand the sensitivity of the results to the method chosen, but it is also easier to assess the importance of information from gaps in a parsimony framework (a standard Bayesian analysis treats gaps as missing data).
For an independent -although preliminary -test of the molecular results, Echinotheridion gibberosum was scored for morphological characters, to the extent possible, based on descriptions and drawings of Knoflach (2002) and added to the growing genus-level theridiid phylogeny of (Agnarsson 2003 (Agnarsson , 2004 (Agnarsson , 2006a (Agnarsson , 2006b Agnarsson and Kuntner 2005) . Appendix 1 lists the morphological characters and scoring for all taxa is shown in Appendix 2. This matrix can be downloaded as Accessory Material from the Invertebrate Systematics website and will be made available at http://theridiidae.com/cladogramsi.html (verified July 2006). The morphological matrix was analysed using parsimony with the same settings as described above (see Agnarsson 2004 for further details). This matrix includes the character under study (male palpal amputation) and can thus be considered to be somewhat biased towards the homology hypothesis. Finally, the combined molecular matrices were fused with the morphological matrix (as described in Agnarsson 2003) , and the fused matrix analysed using parsimony, and a partitioned Bayesian analysis. Fusing molecular and morphological matrices and analysing the combined data involves many considerations and it is beyond the scope of this study to explore them all, especially considering the preliminary nature of the morphological data. The main point here is simply evaluating the evidence for the relative placement of two taxa, not to produce a novel hypothesis of deeper theridiid phylogeny; a much more detailed 'total evidence' analysis is underway (M. Arnedo et al. unpublished) . Here, for simplicity, congeners were fused even if not represented by the same species in the two datasets, which amounts to assuming monophyly of genera. The Bayesian analyses of the combined data specified morphological (using 'parsmodel = yes' or 'standard') and molecular partitions, in addition to sub-partitioning the molecular data according to gene, as done for the combined molecular matrix.
Results
A summary of results for each of the molecular analyses can be found in Table 1 . Whether analysed separately or combined, no analysis supports the sister relationship of Echinotheridion and Tidarren. The Bayesian analyses of the combined molecular data, regardless of alignment, placed Echinotheridion sister to Nesticodes, and Tidarren as sister Tidarren and thus for the intuitive hypothesis of a monophyletic origin of palpal amputation. However, the current results are based on relatively large independent datasets, analysed under a range of conditions, and none of the genes, morphology, or combined analyses unambiguously supports that sister relationship. These results force us to at least consider the alternative: that voluntary removal of a sexual organ and other unique or unusual sexual biology evolved convergently in Tidarren and Echinotheridion, or perhaps have been secondarily lost in related genera. On the trees resulting from Bayesian analyses of the combined molecular data (Fig. 1) and the analyses when all data are combined, (Figs 2) parallel origin of sexual organ removal is the most parsimonious explanation. Although such a result may sound surprising, parallel evolution of 'complex' behaviour is certainly not unheard of in theridiid spiders. For example, permanent non-territorial sociality, and the range of behaviours it encompasses, has evolved in parallel approximately seven times in closely related species within a single theridiid genus, Anelosimus (Agnarsson 2005 (Agnarsson , 2006b ; I. Agnarsson, L. Avilés, J. A. Coddington and W. P. Maddison, unpublished data), and some additional three times in other closely related genera (Theridion and Achaearanea).
In many of the analyses, secondary reversal to retaining both palps as an adult is an equally parsimonious explanation as a parallel origin of palpal removal, and this hypothesis costs only a single extra 'step' on trees in Figs 1-2 As for the parsimony analysis of the combined molecular data alone, the resulting tree also rejects the homology hypothesis.
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by an ancestral polymorphism for this trait that was fixed to palpal amputation in Echinotheridion and Tidarren, but to palpal retention in Achaearanea.
As noted by Knoflach (2002) , there are several conspicuous morphological, and some behavioural, differences between Tidarren and Echinotheridion, and all of the morphological characters that they share to the exclusion of most other theridiids are also shared by Achaearanea and/or Nesticodes. Likewise, their molecular sequences differ considerably and nearly all analyses agree that Tidarren is more closely related to Achaearanea than to Echinotheridion. Hence, behaviour apart, there is currently little to favour the homology hypothesis. Clearly, future studies should not only add further phylogenetic data, but also focus on detailed behavioural comparisons between the two genera, and other related genera, specifically Achaearanea and Nesticodes. For example, based on currently available data (Knoflach 2004 ) the putative placement of Nesticodes as sister to Echinotheridion is surprising as their sexual biology is very different.
In summary, the current results refute the sister relationship of Tidarren and Echinotheridion -two genera with sexual organ removal, emasculation and sexual cannibalism. This implies that these behaviours have either been secondarily lost in related taxa, or these behaviours represent rare evolutionary replicas of a suite of complex sexual behaviours. Nesticodes rufipes 00000000-1 0000000000 0000001100 0000100211 -000000000 0100000100 0001000101
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